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AXIAL FLUX MACHINE, STATOR 
AND FABRICATION METHOD 

Federal Research Statement 

This invention was made with United States Government support under contract 
number DEFC2600NT40993 awarded by the United States Department of Energy. The 
United States Government has certain rights In the invention 

Background of Invention 

ry 

fQ [0001] The present invention relates generally to axial flux machines. 

c:i 

i3 [0002] Axial flux machines, sometimes referred to as disk, axial-gap, or pancake motors, 
are presently used In appliances that have low to modest power requirements such as 
video cassette recorders and blenders, for example. 

F|j [0003] There is a particular need for a simple fabrication process for providing an axial 
flux motor having increased power density and efficiency. 

Summary of Invention 

[0004] 

Briefly, in accordance with one embodiment of the present invention, an axial flux 
machine comprises: a rotatable shaft; a rotor disk coupled to the rotatable shaft; a 
permanent magnet supported by the rotor disk; a soft magnetic composite stator 
extension positioned in parallel with the rotor disk and having slots; soft magnetic 
composite pole pieces attached to the stator extension and facing the permanent 
magnet, each comprising a protrusion situated within a respective one of the slots, 
each protrusion shaped so as to facilitate orientation of the respective pole piece with 
respect to the stator extension; and electrical coils, each wrapped around a respective 
one of the pole pieces. In accordance with another embodiment of the present 
invention, an axial flux machine stator comprises: a soft magnetic composite stator 
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extension having slots; soft magnetic composite pole pieces attached to the stator 
extension, each comprising a protrusion situated within a respective one of the slots, 
each protrusion shaped so as to facilitate orientation of the respective pole piece with 
respect to the stator extension; and electrical coils, each wrapped around a respective 
one of the pole pieces. 

[0005] In accordance with another embodiment of the present invention, An axial flux 
machine comprises: a rotatable shaft; a rotor disk coupled to the rotatable shaft; a 
permanent magnet supported by the rotor disk; a soft magnetic composite stator 
extension positioned in parallel with the rotor disk; soft magnetic composite pole 
pieces attached to the stator extension and facing the permanent magnet, each 
. , comprising a base portion and a trapezoidal shield portion, the trapezoidal shield 

□ portion having a plurality of heights with a first height in a first region being longer 

than a second height in a second region, the second region being closer to a pole-to- 
pole gap than the first region; and electrical coils, each respective electrical coil 
H| wrapped around a respective base portion of a respective pole piece with a respective 

trapezoidal shield portion extending over at least part of the respective electrical coil. 
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R [0006] In accordance with another embodiment of the present invention, an axial flux 

machine stator comprises: a soft magnetic composite stator extension; soft magnetic 
O composite pole pieces attached to the stator extension, each comprising a base 

portion and a trapezoidal shield portion, the trapezoidal shield portion having a 
plurality of heights with a first height in a first region being longer than a second 
height in a second region, the second region being closer to a pole-to-pole gap than 
the first region; and electrical coils, each respective electrical coil wrapped around a 
respective base portion of a respective pole piece with a respective trapezoidal shield 
portion extending parallel to the stator extension over at least part of the respective 
electrical coil. 



[0007] 



In accordance with another embodiment of the present invention, an axial flux 
machine stator pole piece comprises: a soft magnetic composite base portion; a soft 
magnetic composite trapezoidal shield portion coupled to a first end of the base 
portion, the trapezoidal shield portion comprising a plurality of heights with a first 
height in a first region being longer than a second height in a second region, the 
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second region being further from the base portion than the first region; and a 
protrusion coupled to a second end of the base portion and shaped so as to facilitate 
orientation of the respective pole piece. 

[0008] In accordance with another embodiment of the present invention, a method of 

fabricating an axial flux machine stator comprises attaching soft magnetic composite 
pole pieces to a soft magnetic composite stator extension by situating protrusions of 
the pole pieces within respective slots of the stator extension, each protrusion shaped 
so as to facilitate orientation of the respective pole piece with respect to the stator 
extension. 

Brief Description of Drawings 

n . 
§:« 

□ [0009] These and other features, aspects, and advantages of the present invention will 
pi become better understood when the following detailed description is read with 

W reference to the accompanying drawings in which like characters represent like parts 

fll 

III throughout the drawings, wherein: 

C;l 

2 [001 0] F/C, I is an expanded perspective view of an axial flux machine in accordance with 

O 

one embodiment of the present invention. 

Q 

W [001 1 ] F/a 2 \sa sectional side view of a portion of the axial flux machine of FIG. 1 . 

O 
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[001 2] F/a ^ is a side view of a pole piece in accordance with another embodiment of the 
present invention. 

[001 3] F/C. 4 is a perspective view of the pole piece of FIG. 3. 

[001 4] F/G 5 is a top view of the pole piece of FIG. 3. 

[001 5] F/C. 5 is a top view of a stator extension in accordance with another embodiment 
of the present invention. 

[001 6] F/C. 7 is a side view of the stator extension of FIG. 6. 

[001 7] F/C. 4? is a top view of a circuit board in accordance with another embodiment of 
the present invention. 

[001 8] pf^^ g^^^ /Oare graphs of normalized air gap flux (FIG. 9) and coil linkage flux 
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(FIG. 10) produced by winding MMF as a function of pole-to-pole gap in accordance 
with one embodiment of the present Invention. 

Detailed Description 

[001 9] In commonly assigned Kliman et al., US Application No. 09/286,966, filed 6 April 
1999, an axial flux machine is described as including a rotatable shaft, a rotor disk 
coupled to the rotatable shaft, a permanent magnet supported by the rotor disk, a 
stator extension positioned in parallel with the rotor disk, molded iron pole pieces 
attached to the stator extension and facing the permanent magnet, and electrical 
coils, each wrapped around a respective one of the molded iron pole pieces. 

1^^^ [0020] For optimal performance, the pole pieces are properly oriented in all three 
O dimensions (x, y, x) with respect to the stator extension. To facilitate such orientation, 

Cfi accordance with one embodiment of the present invention, as shown in FIC. 1 , an 

axial flux machine 1 0 comprises: a rotatable shaft 1 2; a (meaning at least one) rotor 
m disk 14 coupled to rotatable shaft 1 2; a (meaning at least one) permanent magnet 1 6 

/ supported by rotor disk 14; a (meaning at least one) soft magnetic composite stator 

^2 58 extension 1 8 positioned in parallel with rotor disk 14 and having slots 34; soft 

□ magnetic composite pole pieces 20 attached to stator extension 1 8 and facing 

^ permanent magnet 1 6, each comprising a (meaning at least one) protrusion 36 

ry situated within a respective one of slots 34, each protrusion 36 shaped so as to 

facilitate orientation of the respective pole piece with respect to stator extension 1 8; 
and electrical coils 24 (shown in Fia 2), each wrapped around a respective one of the 
pole pieces. Each of the dimensions shown in FIGs. 3-7 is for purposes of example 
only. The present invention is not intended to be limited to any particular set of 
dimensions. 

[0021] Rotatable shaft 1 2 typically comprises a steel shaft configured to be coupled to a 
shaft of another rotary device. Rotor disk 1 4 typically comprises a solid iron disk 
which serves as a magnetic flux path and provides mechanical support for permanent 
magnet 1 6. Permanent magnet 1 6 typically comprises either a plurality of separate, 
axially magnetized, thin trapezoids, or a continuous ring with a multi-pole pattern 
impressed thereon. Electrical coils 24 typically comprise copper wire. 
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[0022] Protrusions 36 are shaped so as to facilitate orientation of pole pieces 20 with 

respect to stator extension 18 (and thereby control air gap spacing and pole-to-pole 
spacing). In one embodiment, the geometries of slots 34 and protrusions 36 are 
keyed by coordinating the height of protrusion 36 with the depth of slot 34 (in the z 
plane for air gap spacing control), the outer perimeter of protrusion 36 with the inner 
perimeter of slot 34 (in the x-y plane for pole-to-pole spacing control), or 
combinations thereof. For example, in a more specific embodiment, slots 34 comprise 
quasi-rectangular slots and protrusions 36 comprise quasi-rectangular protrusions. 
Quasi-rectangular is intended to mean either exactly rectangular or two longer 
parallel sides accompanied by two shorter curved sides as shown, for example, in 
FICs. 3-4 and 6. 

Ill [0023] Pole pieces 20 are coupled both magnetically and mechanically to stator extension 
Q 1 8. Typical materials for pole pieces 20 include soft magnetic composite materials, for 

cn 

hi example, and generally are of low electrical conductivity and have isotropic magnetic 

[\l properties. Similar materials are typically used for stator extension 1 8. Slots 34 and 

O protrusions 36 can typically be molded to a precision within about 75 micrometers, 

for example. 

spa 

p [0024] To minimize the reluctance path for magnetic flux, the contact between stator 
extension 1 8 and pole pieces 20 is as intimate as feasible. In one embodiment. 

Its? 

fll protrusions 36 extend from ledges 38 of the pole pieces which are substantially 

parallel to the stator extension. Contact can additionally or alternatively be facilitated 
by use of an end plate 30 and fasteners 32 with fasteners 32 extending through end 
plate 30 and into respective ones of protrusions 36. In a more specific embodiment, 
fasteners 32 comprise screws. In alternative embodiments, protrusions 36 are press 
fitted into stator extension 1 8, or pole pieces 20 are attached to stator extension 1 8 
with an adhesive such as epoxy, for example. The technique of coordinating of the 
height of protrusions 36 with the depth of slots 34, fastening pole pieces 20 to end 
plate 30, or combinations thereof is useful for providing precise control of air gap 52 
(FIG. 2) between the stator and the rotor of machine 1 0. 



[0025] 



In another embodiment, machine 10 further comprises a circuit board 28 situated 
adjacent to the stator extension and electrically coupled to the electrical coils. 
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Electrical coupling is typically achieved via solder or by a pin-socket connection (not 
shown) for example. In one more specific embodiment, the electrical coils are 
interconnected with a supply voltage (not shown) in the proper sequence by a circuit 
pattern 54 printed on the circuit board. In the example of FIG. 8, phases a and b are 
patterned on the top of circuit board 28, and phase c is patterned on the bottom of 
circuit board 28. Electrical coils 24 (FIG. 2) can be coupled to circuit pattern 54 at 
sockets 56. for example, and thus eliminate any need for making crimp connections 
between coils and the supply voltage. 

[0026] In another more specific embodiment, machine 10 further comprises bobbins 26, 
each mechanically coupled to circuit board 28, partially surrounding a respective one 
of pole pieces 20, and having a respective one of the electrical coils 24 wound 
thereon. Bobbins 26 comprise a ground insulation material and are typically wound 
with electrical coils 24 prior to machine assembly. 

[0027] In a fabrication embodiment, soft magnetic composite pole pieces 20 are attached 
to soft magnetic composite stator extension 18 by situating protrusions 36 of pole 
pieces 20 within respective slots 34 of stator extension 1 8. Each protrusion is shaped 
so as to facilitate orientation of the respective pole piece with respect to the stator 
extension. In a more specific embodiment, prior to attachment of pole pieces 20, a 
circuit board assembly 50 is situated adjacent to the stator extension. In this 
embodiment, the circuit board assembly comprises circuit board 28, bobbins 26 
mechanically coupled to circuit board 28, and electrical coils 24. each wrapped around 
a respective one of bobbins 26 and coupled to circuit board 28, and attaching 
comprises inserting pole pieces 20 through bobbins 26 to stator extension 18. In 
embodiments wherein an end plate 30 and fasteners 32 are used, the fasteners can be 
secured in a manner to further control the air gap of machine 1 0. Also shown in FIG. 1 
is a bearing support 24 which is useful for attaching rotor disk 1 4 to rotatable shaft 
12. 

[0028] 

In conventional radial machines, the pole-to-pole gap between adjacent pole 
pieces is designed to be large enough to accommodate the insertion of electrical coils. 
By using the above described fabrication techniques, the pole-to-pole gap 40 
between adjacent pole pieces is not constrained by electrical coil insertion factors and 
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can be sized so as to maximize flux transmitted to air gap 52 by tlie winding MMf 
(magnetomotive force) and simultaneously to maximize the magnet MMF that links 
the electrical coils. Optimizing the pole to pole gap maximizes the torque constant of 
the machine. 

[0029] F/Cs, 9 and 7^7 are graphs of normalized air gap flux (FIG. 9) and coil linkage flux 
(FIG. 1 0) produced by winding MMF as a function of pole-to-pole gap 40 in 
accordance with one embodiment of the present invention wherein each pole piece 20 
comprises a base portion 42 around which a respective electrical coil 24 is wrapped 
and a trapezoidal shield portion 44 extending over at least part of the respective 
electrical coil, and wherein the dimensions of FICs. 3-7 are used. The trapezoidal 
portion may comprise edges having straight lines or edges having straight and curved 

P lines as shown in FICs. 1 and 3. The optimal pole to pole spacing depends on the 

equivalent magnetic circuit of the machine. The magnetic circuit of the machine is 
determined by a number of factors including the dimensions of the pole piece 20 and 

CO stator extension 1 8, parameters such as permanent magnet 1 6 material, and soft 

he 

magnetic material in the stator and rotor. 

s 

Q 

[0030] As can be seen in FIG. 9, if pole-to-pole gap 40 is too long, there is less area 
£8 associated with the air gap flux, and the air gap path reluctance is increased. If pole- 

to-pole gap 40 is too short, the reluctance of the pole-to-pole flux path is small, and 
more flux is lost to this path. As can be seen in FIG. 10, pole-to-pole gap 40 also 
affects the flux produced by the magnet that links the coils. Having magnet flux 
transverse from one pole piece edge to another without linking the electrical coils is 
not desirable from the point of view of the shape of the back EMF waveform and from 
a cogging torque perspective. 



rli 



[0031] 



In one trapezoidal shaped shield portion embodiment of the present invention 
which was designed for an embodiment including dimensions shown in FIGs. 3-7, 
pole-to-pole gap 40 ranges from about 0.5 millimeters to about 1 .25 millimeters. In a 
more specific trapezoidal shaped shield portion embodiment, pole-to-pole gap 40 
ranges from about 0.5 millimeters to about 1 millimeter. In a still more specific 
trapezoidal shaped shield portion embodiment, pole-to-pole gap 40 is about .75 
millimeters. For ease of winding, base portion 42 is typically a cylindrical shape. 
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However, any desired shape may be used. 

[0032] In another embodiment of the present invention which can be used in combination 
with or separately from the protrusion-slot embodiment of the present invention, the 
pole pieces are optimally shaped to minimize leakage flux between adjacent pole 
pieces while maximizing the distribution of air gap flux. Shaped as used herein 
encompasses the geometrical nature of the pole pieces as well as the size (which in 
turn affects the pole-to-pole gap). In a more specific embodiment, each soft magnetic 
composite pole piece 20 comprises a base portion 42 around which a respective 
electrical coil 24 is wrapped and a trapezoidal shield portion 44 extending over at 
least part of the respective electrical coil, the trapezoidal shield portion having a 
plurality of heights (meaning at least two) with a first height in a first region 46 being 

^ longer than a second height in a second region 48, the second region being closer to 

LI 

p a pole-to-pole gap 40 than the first region. 

m 

Ul [0033] The first and second heights are typically selected in a manner to maximize the 

hi 

IQ MMF produced by the electrical coils that reaches the air gap and maximize the 

magnet MMF that links the electrical coils. Increasing the height of the trapezoidal 
O shield portions increases the area for the flux to transverse from pole piece to pole 

g piece and decreases the reluctance of this path. In this regard, the smaller the height 

CO of the trapezoidal shield portion, the better. The trapezoidal shield portion is 

fll designed to be thick enough, however, to be moldable and to conduct the magnet 

flux from the air gap to the cylindrical pole with out significant reluctance or 
saturation. Having a first height in a first region be longer than a second height in a 
second region, the second region being closer to pole-to-pole gap 40 than the first 
region, is useful for addressing these goals. Although two heights are shown for 
purposes of example, alternative embodiments include additional discrete heights, 
curved surfaces, or a combination thereof. 



[0034] 



In one embodiment wherein the protrusion and pole piece shaping embodiments 
are combined, for example, an axial flux machine stator pole piece 20 comprises: a 
soft magnetic composite base portion 42; a soft magnetic composite trapezoidal 
shield portion 44 coupled to a first end 60 of the base portion, the trapezoidal shield 
portion comprising a plurality of heights with a first height in a first region 46 being 
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longer than a second height in a second region 48, the second region being further 
from the base portion than the first region, and a protrusion 36 coupled to a second 
end 62 of the base portion and shaped so as to facilitate orientation of the respective 
pole piece. . In a more specific embodiment, protrusion 36 extends from a ledge 38 of 
pole piece 20 which is substantially parallel to trapezoidal shield portion 44. 

[0035] While only certain features of the invention have been illustrated and described 
herein, many modifications and changes will occur to those skilled in the art. It is, 
therefore, to be understood that the appended claims are intended to cover all such 
modifications and changes as fall within the true spirit of the invention. 
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